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ABSTRACT 
g?ss7s 
The charac te r i s t ics  of arcing induced by the impact of 
a micron-sized hypervelocity pa r t i c l e  i n  a simulated ion 
engine was examined. The work per ta ins  to  the th rea t  of 
damage t o  spacecraf t  from micrometeorites i n  outer space. 
For several  ion engine voltages, the probabi l i ty  of discharge 
formation was aeasured i n  clean systems and in the  presence 
of cesium. Damage caused by an a r c  was examined photograph- 
ically ?= +,1=seez, c c p z r  =?.,e 2l*.-i=*2= elec:+,r+-es ==e the 
effect iveness  of a proposed e l e c t r i c a l  f i l t e r  was assessed. 
The free charge produced by a hyperveloci ty  impact was meas- 
ured f o r  carbon par t ic les  and the ion species 
ident i f ied.  
. 
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YICROygTHOBITE BOMBARDMENT INITIATING DISCHARGES 
AND BBEAIODOWN I N  ION TERUSTOBS 
by J. C. Sla t te ry  
mW Space Technology Laboratories 
In outer space, near the ear th ,  the expected meteoroid f l u x  
of micron-sized p a r t i c l e s  is several  per second per square meter. 
This high f lux  r a t e  makes it important t o  predict  any adverse 
effects f r o m  these micrometeorite impacts. Previous work a t  
Space Technology Laboratories has es tabl ished the f a c t  t h a t  a 
microparticle impact can produce an e l e c t r i c a l  discharge i n  a 
simulated ion engine under ce r t a in  conditions, 
The w o r k  reported on here was undertaken t o  establish the 
p robab i l i t i e s  of discharge formation and the arc charac te r i s t ics .  
The free charge produced by a hypervelocity impact was meas- 
ured for  tungsten and copper t a rge t s  w i t h  carbon and iron bola- 
barding pa r t i c l e s .  The charge carriers have been i den t i f i ed  as 
electrons and ions of particle material (either iron or carbon). 
No evidence was found t h a t  ions of target material were produced. 
The probabili ty of ac *ssct z a ~ s i n g  86 zrc tc 2srn T ~ E  .M=s- 
ured i n  a s imulated ion engine for  voltages up t o  9 kV, both w i t h  
and without the presence of cesium. The probabili ty is zero t o  
about 4 kV and increases t o  50% a t  9 kV, The presence of cesium 
r a i s e s  the probabi l i t i es  s l i g h t l y  a t  the lower voltages but appears 
t o  have l i t t l e  effect a t  the higher voltages. 
A r c  damage w a s  examined photographically f o r  electrodes of 
tungsten, copper and aluminum. The damage appeared t o  be very 
s l i g h t  i f  electrical f i l ters were used t o  l i m i t  the avai lable  
energy . 
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I .  INTRODu%rION 
Under a previous NASA Contract (NAS3-3569), Space Technology 
Laboratories conducted an invest igat ion i n t o  the  mechanism of 
charge production by hyperveloci ty  impact. The r e s u l t s  of t h i s  
work a re  contained i n  a NASA report ,  No. CR-54057. In addition t o  
quant i ta t ive  measurements on the effects of various t a r g e t  para- 
meters, these experiments es tabl ished the  f a c t  tha t ,  under c e r t a i n  
conditions, microparticle impacts could i n i t i a t e  an e l e c t r i c  dis-  
charge i n  a simulated ion thrustor .  
The work under the present contract  was undertaken t o  estab- 
l i s h  more precis,ely the conditions of a r c  formation. The damage 
t o  various electrode materials caused by the discharge was a l s o  
examined, a s  was the e f fec t  of external  c i r c u i t r y  on the a r c  
damage . 
The simulated microareteoroids w e r e  obtained from t h e  Sl'L 
hypervelocity accelerator,  a modified 2-Million-Volt Van de Graaff 
generator. The accelerated p a r t i c l e s  w e r e  usually iron spheres, 
about a micron i n  diameter, although carbon particles were used 
for some of the exhriments.  P a r t i c l e  v e l o c i t i e s  ranged f r o m  t w o  
or three km/sec up t o  about 30 ludsec. These ve loc i t i e s  a re  a 
l i t t l e  lower than expected for natural  meteorites, but the size 
of the particles is appropriate. The expected meteoroid f lux  of 
one micron p a r t i c l e s  i n  the v i c i n i t y  of the ea r th  is several  per 
second per square meter. This high f l u x  r a t e  makes it important 
t o  predict i n  advance any adverse e f f e c t s  due t o  these small par- 
ticle i-ziazts. 
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e 11. XXPERIMENTAL APPARATUS 
The STL hypervelocity accelerator  is a 2 W Van de Graaff 
generator. A contact charging process places a high charge on 
micron-sized i ron (or carbon) gra ins  and they are then accelerated 
through the Van de Graaff voltage. The p a r t i c l e s  a r r ive  a t  t h e  
experiment one a t  a time and each one is observed w i t h  a detector.  
The de tec tors  a re  usually cylinders coaxial to  the particle 
beam connected t o  a high impedance amplifier. The particle charge 
induces a voltage on t h e  detector capacitance. The height of the 
voltage s igna l  is proportional t o  the p a r t i c l e  charge and the  
length of the signal gives the t r a n s i t  t i m e  through the detector .  
Knowing the charge, velocity and accelerat ing voltage, the par- 
t ic le  mass can be calculated by equating the e l e c t r o s t a t i c  po ten t i a l  
energy, qV, t o  the par t ic le  k ine t ic  energy. Since there  is a 
spread i n  the size and velocity of the pa r t i c l e s  t h i s  measuremsnt 
is made f o r  each p a r t i c l e  used  i n  an experiment. If only a f e w  
particles are  involved in an experiment, data co l lec t ion  is done 
by photographing an oscilloscope t race  f o r  l a t e r  analysis.  In 
the experiments involving large numbers of particles, such a s  the 
discharge measurements described fur ther  on i n  t h i s  report ,  data  
co l l ec t ion  was by means of an e lec t ronic  x-y p lo t t e r .  
This device p l o t s  each particle a s  a point on an oscilloscope 
. screen w i t h  t he  y-axis proportional t o  the particle charge and the 
x-axis proportional t o  the t r a n s i t  time of the p a r t i c l e  through a 
detector (reciprocal velocity). Each pa r t i c l e  is plot ted as a 
p i n t  representing a nnique m s s  aad velccity. L i s e s  31 r o n s t a ~ t  
mass can then be drawn on the p lo t  and the  mass represented by any 
point can be quickly ident i f ied.  I t  still remains t o  iden t i fy  
those p a r t i c l e s  causing a discharge, 
The display of par t ic le  parameters i n  the  absence of d i s -  
charge is simple s ince  pa r t i c l e  detectors  supply a pulse whose 
height is proportional t o  charge and whose length is the t i m e  t o  
pass through a detector .  The maximum pulse height of the pulse is 
clamped w i t h  a diode and fed t o  the v e r t i c a l  def lec t ion  p l a t e s  of 
an oscilloscope and a t  the same t i m e  the  scope sweep is triggered. 
When the pulse ends a brightening spike is applied t o  t h e  scope 
cathode. The scope intensi ty  is arranged so that only the dot 
which occurs when the  brightening pulse is applied can be seen. 
When a discharge experiment is being performed, t h i s  method 
is m o d i f i e d  somewhat. The reason f o r  t h i s  is t h a t  it is not 
known whether or not a pa r t i c l e  causes a discharge u n t i l  some time 
after it passes through the  detector.  If a p a r t i c l e  doep cause a 
discharge it is w r i t t e n  on the oscilloscope a s  a sho r t  l i n e  instead 
of a dot. Thus, it is necessary t o  delay t h e  displaying of a given 
p a r t i c l e  u n t i l  it is known whether or not t h i s  p a r t i c l e  causes a 
discharge . 
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Figure 1 i l l u s t r a t e s  schematically the method used t o  delay 
the display f o r  100 microseconds and the means of displaying it 
either a s  a dot f o r  no discharge or a s  a shor t  l i n e  for  a d i s -  
charge. Referring t o  Fig.1, it is seen that a pulse from a par- 
t icle detector  is delivered first t o  the y-axis of an oscilloscope 
through a blocking diode so t h a t  t he  b e a m  is deflected upwards an 
amount proportional t o  the charge of the particle. Secondly, the 
pulse is delivered t o  the time delay network. It is d i f f e ren t i -  
a ted a t  the input and the posi t ive spike which represents the 
leading edge of the pulse triggers a 100 microsecond univibrator. 
The t r a i l a g  edge of t h i s  100 microsecond pulse is used t o  s t a r t  
the oscilloscope sweep. A t  the same t i m e ,  the t r a i l i n g  edge of 
the detector  pulse is used to tr igger another 100 microsecond 
univibrator and the t r a i l i n g  edge of t h i s  pulse tr iggers a trace 
brightener which i n  turn  w i l l  brighten the oscilloscope beam. 
The trace brightener has two time constants and which t i m e  constant 
is actual ly  used is determined by a gate,  which is triggered by a 
s ignal  f r o m  the discharge experiment. 
then a short time constant trace brightener pulse is applied. On 
the other hand, if a discharge occurs the gate is opened and the 
t r ace  brightener pulse is made longer. In t h i s  way information 
displayed is wri t ten as a dot f o r  no discfiarge and a s  a shor t  l i n e  
when a discharge has occurred. 
* 
If no discharge occurs, 
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111. EXPERIMENTS ON CHAlGE YIELD 
A. CHARGE PRODUCTION BY CARBON PARTICLES 
One of t h e  f i r s t  experiments performed was a measurement of 
t h e  f r ee  charge produced by the impact of carbon p a r t i c l e s  on 
t a r g e t s  of tungsten and copper. The charge y ie ld  from carbon par- 
t icles was measured i n  a way s imi la r  t o  t h a t  described i n  NASUI. 
Report, No. CR-54057. The t a rge t  t o  be bombarded w a s  positioned 
0.150'' away from a lOO-mssh, 0.001" w i r e  tungsten g r i d  and 300 
v o l t s  w a s  applied t o  the  grid. Particles w e r e  injected through 
the g r id  and impacted on the target .  The amount of f r e e  charge 
created was measured by t h e  voltage change of the t a rge t  a s  
e lec t rons  flowed t o  the grid. 
These data a re  shown i n  Figs. 2 (tungsten t a rge t )  and 3 
(copper ta rge t ) .  The ordinate i n  both cases is the charge y i e l d  
normalized t o  the impacting p a r t i c l e  mass while the abscissa is 
p a r t i c l e  v e l o c i t y .  For convenience a dotted l i n e  is included on 
each graph which is an eyesight f i t  t o  the data  obtained e a r l i e r  
with i ron  p a r t i c l e s  on the same t a rge t  materials.  There appears 
t o  be only a s l i g h t  difference between i ron  and carbon pa r t i c l e s .  
B. EFFECT OF SURFACE ELECTRIC FIELD 
An experiment t o  evaluate the e f f e c t  of t a r g e t  surface rough- 
ness was performed using three d i f f e ren t  molybdenum targe ts .  
Microscope photographs of the  three t a r g e t s  a r e  shown i n  Fig. 4 
w i t h  a magnification of 4OOX. Flgure 4a shows the "smooth" ta rge t ,  
w i t h  a surface essent ia l ly  a s  received from the suppl ier .  Although 
there  a re  long scratches,  presumably due t o  the  r o l l i n g  operation 
on the metal, t h e  protrusions above the  surface a re  a l l  of the 
order of one micron or  less .  Figure 4b shows a medium-rough 
carborundum g r i t .  The r e s u l t  is a uniformly roughened surface 
with h i l l s  and val leys  which appear t o  be about f i v e  microns deep. 
Figure 4c shows a very rough ta rge t ,  made by pressing with a large 
carborundum g r i t .  The c ra t e r s  a r e  about 50 microns i n  diamster, 
with an average spacing of about 100 microns. There a r e  protrusions 
on m o s t  of the c r a t e r s  which a re  about 25 microns deep. 
The experiment consisted of measuring the  charge y i e l d  due 
t o  p a r t i c l e  impacts from each of these t a r g e t s  under iden t i ca l  
conditions. A 100-mesh tungsten g r i d  was positioned 0.150" away 
from the t a rge t  and 300 volts  was applied t o  t h e  gr id ,  The average 
f i e l d  i n  the gap w a s  thus 800 volts/cm. The d i f f e ren t  surface 
conditions should have changed the loca l  f i e l d  a t  the t a rge t  
surf ace considerably. 
The charge y ie ld  w a s  detected a t  the t a rge t .  The voltage 
polar i ty  was such t h a t  ions l e f t  the  t a rge t  and the t a rge t  
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Figure 2. Char- Yield, Nomallzed to Rrrticle Mass, from 
Carbon particles Impacting on a Tungsten Target 
as a Function of Particle Velocity. Dotted line 
is an appraotimate f i t  to previous data wing iron 
particle6 on the same target material. 
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Figure 4a 
F i g u r e  4b 
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Figure 4c 
Figure  4. Microscope photographs of molybdenum target 
surf aces. 
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voltage went negative a s  a r e su l t .  These data are shown i n  
Fig. 5 ,  where the  charge y i e l d ,  normalized t o  par t ic le  mass, is 
p lo t ted  against  p a r t i c l e  velocity f o r  a l l  three targets. In each 
case the charge on the incoming particle has been subtracted from 
the to ta l  charge. 
There is some spread t o  the data, a s  usual i n  experiments of 
t h i s  kind. However, the points from the three d i f f e ren t  t a r g e t s  
appear t o  be randomly dis t r ibuted.  A t  least there is no extrenm 
departure from the curve for  any pa r t i cu la r  target. It is worth 
mentioning t h a t  t h i s  se t  of data is a complete set i n  that no 
experimental points  have been rejected for  any reason. In Figs. 
2, 3 and 5 each point plot ted corresponds t o  a single p a r t i c l e  
co l l i s ion .  
If the loca l  f i e l d  were an important fac tor  then one w o u l d  
expect t o  see a t  least  some points  which differed radical ly  f r o m  
the  mean. For example, when a pa r t i c l e  impacted on t h e  bottom of 
one of the large craters, the l o c a l  f i e l d  must have been essen-  
“ t i a l l y  zero. Since there appears t o  be no more spread than usual, 
the  conclusion drawn is that  the  electric f i e l d  a t  the target 
surface does not influence t h e  amount of charge produced by an 
impact. 
C. TIYE-OF-FLIGET EXPERIMENTS 
- A number of time-of-flight experiments w e r e  conducted on the 
posi t ive and negative charge carriers produced i n  an impact. The 
experimenb consisted s i m p i y  of accelerating ihe c h a r g e  th-uugk Q 
known poten t ia l  and then allowing it t o  d r i f t  through a f ie ld-  
free region t o  a col lector .  The charge-to-mass r a t i o  was cal- 
culated f r o m  the  t r a n s i t  time and the  accelerat ing voltage. 
The t r a n s i t  t i m e  of the negative charge c a r r i e r s  was so short 
it could only be compatible w i t h  e lec t rons  a s  the  charge ca r r i e r s .  
However, the posi t ive charge carriers turned out t o  be m o r e  d i f f i -  
c u l t  t o  ident i fy .  It w a s  almost immediately obvious t h a t  the 
charges were ions of a mass number less than 100 (assuming s i n g l y  
ionized par t ic les ) ,  but that  they were being ejected from the  i m -  
pact s i te  with a substant ia l  i n i t i a l  veloci ty .  
Several accel-decel experiments were conducted i n  an attempt 
t o  measure the ion i n i t i a l  veloci ty  i n  terms of‘ the retarding 
poten t ia l  the ions could overcome. The r e s u l t s  were not conclusive, 
a t  l e a s t  pa r t i a l ly  due t o  the spread i n  i n i t i a l  energies.  However, 
it w a s  es tabl ished that  an i n i t i a l  veloci ty  does e x i t  and corres- 
ponds t o  an energy of the order of t en  electron v o l t s  f o r  p a r t i c l e s  
having ve loc i t i e s  i n  t h e  range 10 km/sec and lower. 
The r e s u l t s  of some of the time-of-flight experiments a re  
given below. The f l i g h t  path was 10.5 cm and the  accelerat ing 
voltage varied from 100 t o  300 vol t s .  When i ron p a r t i c l e s  were 
-11- 
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Figure 5. Charge emission due to impacting iron par t i c l e s  from 
molybdenum targets of d i f ferent  surface roughness. 
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used, t w o  groups of i o n s  appeared; the f i r s t  group consis t ing of 
about lm of the  t o t a l  charge and the second group consis t ing of 
about 9096 of the  t o t a l .  In the case of carbon p a r t i c l e s  there  
were a l s o  two groups of ions;  i n  t h i s  case the f i r s t  group was 
about 339 of the t o t a l  charge and the second group 66%. 
I a re  l i s t e d  the  ion f l i g h t  t i m e s  over a 10.5 c m  f l i g h t  path, with 
d i f f e r e n t  accelerat ing voltages, for ions from carbon and i ron  
p a r t i c l e  impacts. The r e s u l t s  obtained did not depend on the  
t a r g e t  material, f o r  t h e  three materials used, tungsten, t?ntalum 
and molybdenum. 
showed that ions from the carbon p a r t i c l e  impacts could overcome 
a t  least 6 t o  10 v o l t s  deceleration, indicat ing the existence of 
an i n i t i a l  velocity.  
In Table 
A s  in the  case of iron par t i c l e s ,  accel-decel experiments 
In Table I1 a re  l i s t e d  the mass numbers calculated from the  
data i n  Table I, assuming singly ionized atoms and applying no 
i n i t i a l  velocity correction. 
TABLE I - Measured Fl ight  Times (psecs) a 
Accelerating Carbon P a r t i c l e s  Iron P a r t i c l e s  
Voltage I(33%6) I1 (66%) I (lo!&) II(9096) 
5.22i-O.14 
3.81i-O. 15 
2.4-0.04 2.43 3.14M.04 - 
- 3.2M.04 4.33M.04 - 4.08 
2.31i-O. 03 3.04M.04 - 3.00 
- 100 
200 - - 
300 1.84-1-0.05 - - 
TABLE I1 - CAUUIATED MASS NUMBERS 
Accelerating 
Voltage 
100 
200 
300 
Carbon Par t i c l e s  Iron P a r t i c l e s  
1(33%) I1 (66%) I ( l W )  I I (90%) 
18.5 32.8 29.0 47.3 
18.7 32.4 31.2 50.5 
18.2 31.8 30.8 51.4 
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Notice the  s imi l a r i t y  between Group I1 of the carbon p a r t i c l e s  
and Group I of t he  i ron  par t ic les .  They a r e  both close t o  mass 
32, which could correspond t o  molecular oxygen. 
t h e  mass number 18 of the  f i r s t  carbon group d i f f e r s  considerably 
f r o m  the  expected value of 12, j u s t  a s  t he  mass number around 50 
d i f f e r s  from the  expected value of 56 i n  t he  case of iron. In  the 
case of i ron  t h i s  difference might be explained by postulat ing an 
i n i t i a l  ion velocity,  decreasing the  f l i g h t  t i m e  and lowering the  
ca lcu la ted  mass number. If t h i s  effect is present i n  the  case of 
carbon particles, it would increase the ca lcu la ted  mass number of 
18, instead of lowering it towards the  expected value of 12. A t  
t he  present t i m e ,  no explanation exis ts  f o r  t h i s  apparent discrep- 
ancy, unless  t he  ions a re  not carbon, but some,chemical compound 
of carbon, possibly an oxide. 
On t he  other  hand, 
Considering the  i ron data  alone, it is possible t o  apply a 
voltage cor rec t ion  t o  the measured accelerat ing voltages t o  make 
a l l  the ca lcu la ted  mass numbers agree. (This  cor rec t ion  would 
presumably correspond to the  ion i n i t i a l  veloci ty . )  Changing the  
acce lera t ing  voltage by 14  v o l t s  corrects the main ion group mass 
numbers t o  53.9, 54.0 and 53.8. These numbers still d i f f e r  by 4% 
f r o m  t he  expected value of 56. A 446 error i n  mass number is 
equivalent  t o  a 2% e r r o r  in t i m e  or dis tance measurement. The 
signals are such t h a t  the precis ion i n  t i m e  measurement is prob- 
ably no better than - +5%. 
The ne t  r e s u l t  of the  time-of-flight experiments is not 
completely satisxactory. However, it is possible t o  make the  
following statements concerning the positive charge crea+,ec! by an 
i ron  p a r t i c l e  impact i n  t he  10 W s e c  veloci ty  range. 
1. The charge carriers a re  emitted w i t h  
an i n i t i a l  velocity which corresponds 
t o  an energy of the  order of ten  
electron-volts.  
2. 90% of the charge is carried by one 
group of ions and the  spread i n  mass 
numbers of th i s  group of ions is 
estimated to  be less than - +20%. 
3. The mass number of t h i s  90% group 
appears t o  be between 50 and 56 a.m.u. 
Statements (2) and (3) r u l e  out the  poss ib i l i t y  of any sub- 
s t a n t i a l  amount of charge being carried by ions of t a rge t  mater ia l  
(Mo has A = 96, Ta has A = 181, W has A = 184). This is t rue  un- 
less one pos tu la tes  a mechanism which r e s u l t s  i n  large numbers of 
doubly ionized ions and no s ingly  ionized ions, which seems very 
unlikely.  I t  is tempting to conclude tha t  only t h e  pa r t i c l e  
mater ia l  is ionized and none of the target material .  
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Since there  appeared t o  be a poss ib i l i t y  t h a t  a l l  the  ions 
m i g h t  be due t o  a l k a l i  metal impurities, a flame photometric 
ana lys i s  f o r  sodium and potassium was performed on the  i ron  and 
carbon pa r t i c l e s  used i n  the accelerator. The r e s u l t s  w e r e :  
Carbon sample: Na+ = 0.048% 
K+ = 0.004% 
I ron  sample: Na+ = 0.129% 
K+ - 0 . l O O g  
I t  is f e l t  that these impurities,’particularly i n  t he  case of 
carbon, are too  low t o  account f o r  the observed ion emission. 
D. ALUMINUM PARTICLES 
A t  the  s ta r t  of t h e  contract  period, it was hoped t h a t  a 
sample of aluminum powder su i t ab le  for use i n  the acce lera tor  
could be obtained. Th i s  would have permitted comparison of data  
f r o m  three p a r t i c l e  materials, aluminum, carbon and iron. The 
requirements on the  powder used are tha t  it be: 1) conducting, 
2) spheroidal i n  shape w i t h  no sharp points, 3) t ha t  it have a 
size d i s t r ibu t ion  which contains p a r t i c l e s  f r o m  about 0.1 micron 
diameter up t o  about 1 or 2 microns diameter and 4) t ha t  it con- 
t a i n  very f e w  particles larger  than 5 or 10 microns. 
A contractor w a s  found who agreed t o  supply a su i t ab le  sample 
of aluminum powder. However, examination of the  sample showed it 
t o  be completely unsat isfactory.  The particles were jagged and 
averaged about 10 microns diameter. A search w a s  made for  other 
suppl iers ,  but none could be located. 
aluminum microspheres manufactured by the  Linde Company. This 
powder f u l f i l l e d  a l l  our requirements except that the  majority of 
t he  powder w a s  very la rge  diameter. Several attempts were made t o  
separate  the  smaller pa r t i c l e s  from the  l a rge r  and f i n a l l y  an a i r  
f l o t a t i o n  technique was devised. The r e s u l t s  were not completely 
sa t i s f ac to ry  but it w a s  f e l t  t h a t  they were good enough t o  warrant 
ordering m o r e  microspheres from Lhde, even though t h e  cost was 
S50 per pound. The y i e ld  of the separat ion process was very l o w  
and the one-pound sample had been almost completely consumed i n  
developing the process. 
There was avai lable  i n  t he  laboratory a one-pound sample of 
Unfortunately, Linde is no longer manufacturing aluminum 
microspheres-. They s t a t e d  t h a t  the demand f o r  the  powder w a s  too 
l o w  t o  j u s t i f y  the use of their  machine which w a s  needed f o r  other 
applications.  They did’not know of any other suppl ie r  of spher ica l  
aluminum Powder i n  t h i s  s i ze  range. 
A t  t h i s  point the search was abandoned and no further attempt 
was made t o  accelerate  aluminum pa r t i c l e s .  
-15- 
IV. EXPERIMENTS ON PARTICLE INDUCED DISCHARGES e 
A. DISCHARGE PROBABILITY 
The r e l a t i v e  probabi l i ty  of a particle causing a discharge 
w a s  measured f o r  a simulated ion engine, both w i t h  cesium present 
and without cesium. 
discharge probabi l i ty  on particle parameters. 
sisted of a tantalum target facing a tungsten grid, w i t h  a 2.5 mm 
spacing. The grid w a s  100 mesh, made w i t h  0,001 tungsten w i r e ,  
Rarticles w e r e  injected through t h e  gr id  and impacted t h e  target. 
The voltage w a s  applied to the gr id  w h i l e  t h e  target w a s  grounded. 
Discharges w e r e  detected by a loop of w i r e  which magnetically 
coupled t o  the high current  which flowed through t h e  g r id  lead 
when an arc formed between g r i d  and target. 
These data w e r e  examined for  any dependence of 
The experiments con- 
The grid voltage i n  t h e s e  experiments w a s  pos i t ive  w i t h  
respect t o  the target. This w a s  done because discharges do not 
occur when the impact point is t h e  pos i t ive  electrode at  these 
r e l a t i v e l y  l o w  vol tages  (3-9kV) . 
A particle detector w a s  located approximately 10 c m  i n  f ron t  
of the high voltage gr id ,  and as each particle passed through t h e  
detector it w a s  recorded on t h e  e lec t ronic  x-y plotter. There w a s  
a delay of 100 psec associated w i t h  t h e  x-y plotter and i f  a 
discharge occurred during t h i s  t i m e  i n t e rva l ,  then the  particle 
w a s  p lo t t ed  as a short l ine.  If no discharge occured i n  the 100 
psec, t h e  particle w a s  p lot ted as a point,  T h i s  d i sp l ay  was 
photographed and  particle parameters, velrrrity and rzdizs, w e r e  
read f r o m  it later. Only about f i f t y  points  o r  l i n e s  represent ing 
particles w e r e  usually put on one photograph. 
Figure 6 shows the r e s u l t s  of t h e  experiments done w i t h  a 
c lean system, w i t h  no ces ium present. The percentage of particles 
causing a discharge is plotted against  t he  high voltage applied 
between target and grid. Three sets of points  are shown. They 
represent  percentages calculated using a l l  particles, particles 
w i t h  radii between 0.35 p and 0.5 p ,  and particles larger than 
0.75 p radius. 
mately 100 particles w e r e  recorded. 
A t  each s e t t i n g  of t h e  high voltage, approxi- 
In Fig. 7 are plotted the r e s u l t s  of a s i m i l a r  experiment 
w i t h  cesium sprayed onto the target and grid. The cesium gun w a s  
located about 1-1/4'* below the  target and grid.  Cesium w a s  
evaporated u n t i l  a f i l m  of cesium w a s  observed t o  form on t h e  
t ransparent  chamber covering about 3/4" above the target and grid. 
The three sets of points  i n  Fig. 7 represent  percentages calculated 
w i t h  the  same particle parameters as those i n  Fig. 6. 
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It may be seen from Figs. 6 and 7 t h a t  t h e  probabi l i ty  of 
discharge increases  with t h e  applied voltage from a small number 
t o  as high as 5046 a t  8 or 9 k i lovo l t s ,  The e f f ec t  of p a r t i c l e  size 
seems not t o  be s ign i f i can t ,  Within the  scatter of t he  r e su l t s ,  
small p a r t i c l e s  have the  same e f fec t  as la rger  ones; however,the 
spread i n  p a r t i c l e  size is only a f ac to r  of about 4. The presence 
of cesium is noticeable at l o w e r  voltages where t h e  p robab i l i t i e s  
with cesium present are somewhat higher. Above about 6 kV t he  
cesium seems t o  make l i t t l e  difference.  Actually, t h e  proba- 
b i l i t i e s  with cesium i n  t h e  system appear t o  be a l i t t l e  lower 
than t h e  no-cesium ones a t  :: m, but not s ign i f i can t ly ,  
The conclusions reached a re  t h a t  a pa r t i c l e  from t h i s  accel-  
e r a to r  has about a 50% chance of i n i t i a t i n g  a discharge i n  a 
system of t h i s  kind, w i t h  a moderately high voltage applied.  This 
50% probabi l i ty  drops considerably i f  the impact point voltage is 
pos i t ive  w i t h  respect  t o  its surroundings. In an ion engine, 
various voltages are present and possible micrometeorite impact 
po in ts  exist  which a re  negative and o thers  which a re  pos i t ive ,  
To say tha t  the pa r t i c l e  size has no effect is obviously an 
approximation. If the  pa r t i c l e  size is extrapolated down t o  one 
a t o m ,  there w i l l  c e r t a in ly  be no discharge, but a t  the present 
t i m e  the value of t h i s  cut-off i n  rad ius  is not known. It may 
w e l l  be that  there  is no sharp cut-off, and instead a gradual 
t r a n s i t i o n  in probabi l i ty  from high t o  zero. 
B. DISCfiARGE DAMAGE 
Numerous experiments aimed a t  assessing the  damage done by a 
typ ica l  discharge w e r e  performed. Most of these experiments re l ied 
on photography for damage analysis ,  but one set  of t a rge t s  was 
examined carefu l ly  f o r  weight changes under repeated arcing,  
Three copper t a rge t s  and th ree  tungsten t a rge t s  were weighed 
and photographed before t h e  experiment. They were then placed i n  
the  accelerator  and bombarded u n t i l  one, ten, and one hundred dis- 
charges occurred on separate t a rge t s .  The t a r g e t  under bombard- 
ment w a s  positioned about 0.100'' away f r o m  a 100-mesh tungsten 
g r i d  (posit ive) through a f i l t e r i n g  system which is i l l u s t r a t e d  
i n  Fig. 8 .  This set of f i l ters  is equivalent t o  t h a t  used on 
t es t s  of the Lewis-Kaufman engine. The to t a l  voltage between 
g r id  and target was 6,000 vo l t s ,  
It w a s  obvious from t h e  v i sua l  appearance of the discharge 
t h a t  the  la rge  inductors were very e f f ec t ive  i n  l imi t ing  the  
current .  
t o  t h a t  used previously, t h e  spark w a s  much dimmer. 
Although the  energy stored i n  the  capaci tors  was equal 
There w a s  no measurable change i n  the t a r g e t  weights, t o  
within 0.1 mg, a f t e r  bombardment even with 100 discharges. The 
copper t a r g e t s  each weighed approximately 22.0 mg and the tungsten 
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t a r g e t s  60.0 mg. 
a f t e r  the experiment because it was torn while being extracted.  
However, it was the ta rge t  which has been exposed t o  only one 
discharge. The weights of the other f i v e  t a rge t s  remained the 
same t o  within - 1-0.1 mg. 
This  r e s u l t  is not very surpr is ing when the extent  of the  
damage, a s  shown i n  the photographs following, is examined. 
One of the tungsten t a rge t s  could not be weighed 
A r c  damage w a s  examined microscopically f o r  severa l  t a r g e t  
The e l e c t r i c a l  f i l t e r i n g  network is 
materials.  In every case, the discharges were vacuum discharges 
caused by the  impact of a hypervelocity p a r t i c l e  and l imited only 
by the external  c i r cu i t ry .  
i l l u s t r a t e d  i n  Fig. 8 .  The f i l t e r  c i r c u i t  was supplied by Lewis 
Research Center, 
The r e s u l t s  obtained on tungsten t a r g e t s  a r e  shown i n  Figs. 
9 through 14. The tungsten t a rge t  under bombardment was positioned 
about 0.100" away from a 100-mesh tungsten gr id .  Voltages were 
applied t o  the  t a rge t  (negative) and the g r i d  (posit ive) through 
the f i l t e rs  shown in  Fig. 8 .  Total voltage between t a r g e t  and 
g r i d  was 6,000 vol t s ,  
Figures 9 through 11 show the same discharge s i t e  a t  three 
d i f f e r e n t  magnificiations. The size sca l e  is indicated i n  each 
photograph. This  par t icular  t a rge t  was one which was impacted a 
large number of times, u n t i l  about one hundred discharges had 
occurred. The discharge site shown i n  the  photographs was selec- 
ted a t  random and is f a i r l y  typ ica l .  There a re  actual ly  two dis- 
charge sites v i s i b l e  i n  Fig. 9, outlined by c i r c l e s .  Only the 
c e n t r a l  one is magnified f u r t h e r  i n  Figs. 10 and 11. The small 
dots  v i s i b l e  i n  a l l  three photographs a re  c r a t e r s  created by the 
impacting particles. Particle c r a t e r s  a re  about 1 t o  5 microns 
i n  diameter and usually quite c i r cu la r .  
The larger ,  irregularly-shaped c r a t e r s  a r e  caused by t h e  
spark. 
c r a t e r s  c lose t o  one another is a well-known c h a r a c t e r i s t i c  of 
vacuum arcs. References 1 and 2, f o r  example, both contain photo- 
graphs of e lectrodes subjected t o  high-voltage vacuum breakdown 
which show c r a t e r  formation s imi la r  t o  t h a t  i l l u s t r a t e d  here. 
These c r a t e r s  a re  actually smaller than the ones i n  Refs. 1 and 2, 
presumably because of the current  l imi t ing  act ion of the ex terna l  
c i r c u i t r y ,  
The f a c t  t h a t  one discharge w i l l  cause several  small 
The appearance of Fig. 11 suggests t h a t  material  from the 
c r a t e r  s i t e s  may have been deposited i n  adjacent regions of the 
surface. A l l  i n  a l l ,  the extent  of t he  damage t o  the t a r g e t  
surface is roughly equivalent t o  20 or 30 p a r t i c l e  impacts. 
Figures 12, 13 and 14  a re  photographs of another discharge 
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Figure 9. S i t e  of Discharge Caused by Particle Impact on 
Tungsten Surface. Two discharge sites are v i s i b l e ,  
outl ined by circles. 
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Figure 10. Further magnification of centra l  discharge s i te  shown 
in Fig.  9. 
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Figure 11. Central discharge s i te  shown i n  Fig .  9. Small 
circular marks are p a r t i c l e  c r a t e r s .  Large i rregu lar ly  
shaped areas are  craters created by the discharge.  
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Figure 12 Discharge Site on a Tungsten Surface.  
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Figure 13. Further Magnification of Discharge S i t e  Shown i n  
F i g .  12. 
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Figure 14. Further Magnification of Discharge S i t e  Shown i n  
F i g .  13. 
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s i t e  on a tungsten ta rge t .  This one occurred with only one impact 
and is i n  an area not surrounded by p a r t i c l e  craters. I t  is in- 
cluded because it is somewhat a typ ica l  i n  t h a t  the multi-crater 
formation of the  spark is not ab apparent. This is not caused by 
t h e  fact t h a t  the a r c  occurred i n  an area where there  were few 
p a r t i c l e  craters. O t h e r  spark si tes have been observed which are  
i n  clear areas, but usually exhib i t  the s t ruc ture  shown i n  Fig. 11. 
When t h i s  same type of experiment was conducted using copper 
electrodes, it was immediately obvious that the damage w a s  con- 
s iderably less. In f a c t ,  t he  experiments had t o  be repeated 
severa l  times before any discharge s i tes  could be located. It w a s  
only a f t e r  the  copper electrodes were subjected t o  painstaking 
polishing t h a t  it became possible t o  observe the  s i te  of an arc .  
Microscopic examination of the  surface was a l s o  f rus t r a t ing ,  and 
the  f i n a l  conclusion drawn w a s  t h a t  any damage appeared only a s  a 
s l i g h t  surface discoloration, w i t h  a s l i g h t  enhancement of surf ace 
fea tures  such a s  a m i l d  etching might produce. 
Two photographs of a typical discharge s i te  on a copper ele- 
trode are shown i n  Figs. 15 and 16. The experimental arrangement 
was the same as t h a t  used for tungsten electrodes.  The surface 
shown i n  Figs. 15 and 16 is very smooth and has a high r e f l e c t i v i t y .  
t a rge ts ,  the 500 ohm resistor i n  the f i l t e r i n g  network w a s  inad- 
ver tent ly  l e f t  out of the c i r c u i t  (see Fig. 8 ) .  This had the 
e f f e c t  of permit t ing a 0.1 microfarad capacitor t o  discharge 
through the arc with no current l i m i t a t i o n  (other khan the self- 
inductance and the lead inductance). The ne t  r e s u l t  was t h a t  t he  
amount of energy i n  each a r c  was grea t ly  increased over that ob- 
ta ined w i t h  the  high voltage f i l t e r  cor rec t ly  in s t a l l ed .  T h i s  was 
apparent even from outside, as each spark was much br ighter  than 
expected. 
While performing a discharge experiment on one of the  copper e 
There w a s  no d i f f i c u l t y  i n  locat ing these discharge s i t e s  on 
the copper surface, and microscope photographs of t he  surfaces  
a re  reproduced i n  Figs. 17, 18, and 19. These craters a r e  con- 
siderably larger ,  consisting of a c e n t r a l  depression about 0.001'' 
i n  diameter and a ra i sed  c i r cu la r  l i p .  The l i p  is about 0.004" i n  
diameter. Considering the d i f f i c u l t y  experienced i n  locating dis- 
charge si tes obtained w i t h  the  correct high voltage f i l t e r s ,  it is 
obvious t h a t  the f i l t e r s  are very e f fec t ive .  
A s e r i e s  of discharges were induced on aluminum electrodes and 
again the  character of the damage d i f f e red  considerably from e i t h e r  
the tungsten or  the  copper, although the  experimental conditions 
were ident ica l .  In  t h i s  case, the damaged areas  were very easy 
to locate  even w i t h  only one discharge on a ta rge t .  The affected 
area w a s  very large (averaging about .020'f diameter), and the 
surface appears t o  have melted and recrys ta l ized  i n  a granular 
-28- 
I 
Figure 15. Discharge site on surface of copper e lectrode .  
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Figure 16. Further magnif icat ion of discharge r i te  shown 
i n  F i g .  15. 
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Figure 17. Discharge S i t e s  from P a r t i c l e  I n i t i a t e d  Breakdown 
i n  Copper Target. Damage  caused by energy s tored 
i n  0.1-f  capaci tor .  
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Figure 18. Further Magnification of Discharge S i t e s  Shown i n  
F i g .  17. 
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Figure 19. Further Magnification of Discharge S i t e s  Shown i n  
F ig .  18. 
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form. One of these discharge sites is shown in Figs. 20, 21, 
and 22. I t  would appear from the pictures that the damage does 
not penetrate i n t o  the metal a s  i n  the case of tungsten, but 
certa inly  the area covered is much greater.  
! 
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Figure 20. Discharge s i t e  on surface of an aluminum 
e lectrode .  
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e 
Figure 21. Further magnification of discharge site 
shown i n  F i g .  20. 
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Figure 22. Further magnification of discharge site 
shown i n  F i g .  21. 
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V. CONCLUSIONS 
The t en ta t ive  model of par t  icle-induced breakdown developed 
under the previous contract appears t o  be subs tan t ia l ly  correct. 
The impact of a small hypervelocity p a r t i c l e  produces a cloud of 
gaseous vapor (along w i t h  some s o l i d  pa r t i c l e s )  which expands back 
from the impact point. There a re  a l s o  produced a number of ions 
and electrons,  either by an unknown mechanism during the impact 
or by thermal ionizat ion in the expanding gas. The ions appear 
t o  come from the p a r t i c l e  material, w i t h  the t a rge t  material 
contributing very l i t t le .  
If there is enough material i n  t h i s  expanding gas cloud and 
the voltage and f i e l d  a re  appropriate, there w i l l  be charge 
mult ipl icat ion within the gas. This mult ipl icat ion alone is not  
s u f f i c i e n t  t o  produce an arc. However, i f  enough energy is de- 
l ivered  t o  the  electrode by means of charge mult ipl icat ion t o  
s t a r t  more material  vaporizing, then the process becomes self- 
sustaining. 
external ly .  The probabili ty of a p a r t i c l e  i n i t i a t i n g  t h i s  break- 
down can be a s  high a s  50%, w i t h  moderate voltages. 
It w i l l  continue t o  grow a s  long a s  energy is supplied 
The purpose of ahy external electric f i l t e r i n g  network is t o  
l i m i t  the  amount of energy available.  This is done by placing re- 
s i s t o r s  and inductors i n  series such t h a t  any sudden current surge 
is accompanied by a large voltage drop. When the voltage across 
t h e  gap is decreased su f f i c i en t ly  the a r c  is extinguished. Judging 
from the damage p ic tures  contained i n  t h i s  report ,  the f i l t e r i n g  
c i r c u i t  used (which w a s  suppi iea  -by L e w i s  pursuuiel) accaapliskes 
its purpose very w e l l  . 
The ac tua l  damage caused t o  e lectrodes w i t h  the f i l t e r  i n  
place is not r e a l l y  very large. On tungsten electrodes the net  
e f f e c t  was equivalent t o  about 20 or 30 s m a l l  p a r t i c l e  impacts. 
On the  other hand,any damage t o  copper electrodes w a s  v i r t u a l l y  
zero. The effect on the aluminum electrodes was t o  give a rel- 
a t ive ly  large surface area a "frosted" appearance. In a large 
number of appl icat ions neith'er t h e  surface p i t t i n g  nor the  surface 
"frosting" w i l l  i n t e r f e re  w i t h  t h e  electrode function. 
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